Colorectal cancer (CRC) is the third most commonly diagnosed cancer in males and the second in females, with over 1.2 million new cancer cases and 608 700 deaths estimated to have occurred in 2008 (Jemal et al, 2011) . In its early stages, CRC represents a curable disease. Once metastasised, however, for the vast majority of patients only life-prolonging palliative treatment options remain. Since the 1990s, 5-fluorouracil (5-FU)-based chemotherapeutic backbone has been the standard of care for all treatment approaches for metastatic CRC (mCRC), and efficacy has been substantially improved by the introduction of the cytotoxic agents irinotecan and oxaliplatin (Grothey et al, 2004) . Advances in deciphering the molecular mechanisms underlying mCRC have led to the development of novel agents that selectively inhibit defined molecular targets. Accordingly, the monoclonal antibodies cetuximab and panitumumab, which selectively target the extracellular domain of the epidermal growth factor receptor (EGFR), have expanded the spectrum of therapeutic options and improved the clinical outcome of patients with mCRC (Cunningham et al, 2004; Douillard et al, 2010; Peeters et al, 2010) . Despite the development of these relatively expensive and novel agents, early reports have demonstrated that only 10-20% of unselected patients with mCRC clinically benefited from EGFR-targeted monoclonal antibodies (Cunningham et al, 2004) . The subsequent analysis of large clinical trials has demonstrated a clear negative relationship between objective response rates and the occurrence of mutations in the KRAS gene, establishing KRAS mutations as negative predictors for EGFR-targeted therapies in mCRC (Amado et al, 2008; Karapetis et al, 2008; Lievre et al, 2008) . However, the occurrence of KRAS mutations only accounts for B35-45% of non-responsive patients, and therefore, there is a clear need to identify additional predictive biomarkers to help patients avoid ineffective, toxic and expensive therapies (Bardelli and Siena, 2010) . Recently, the classical dogma that protein-coding genes recognised as tumour suppressors and oncogenes are the key factors implicated in carcinogenesis has been expanded by the identification of a class of non-proteincoding RNA molecules known as microRNAs (miRNAs) (Calin and Croce, 2006) . MicroRNAs are naturally occurring small RNAs that are 18-25 nucleotides in length (thus termed 'micro' RNAs).
*Correspondence: Dr M Pichler; E-mail: martin.pichler@medunigraz.atAs a generalised mechanism of action, miRNAs suppress endogenous gene expression by binding to the 3 0 -untranslated region (3 0 UTR) of large target mRNAs, leading to either translational repression or the cleavage of their target mRNAs (Grothey et al, 2004) . Chen et al (2009) were the first to demonstrate a direct link between a specific miRNA and the RAS/RAF/MAP kinase pathway. They found that miRNA-143 inhibits the translation of KRAS mRNA to alter this RAS signalling network and consequently inhibits tumour cell growth. Recently, Loboda et al (2010) demonstrated that activation of the RAS signalling pathway as determined by the analysis of a RAS pathway gene expression signature can predict resistance to cetuximab in CRC. As miRNA-143 was shown to target KRAS mRNA and therefore influence the KRAS signalling pathway in CRC cells, the regulation of KRAS gene expression by miRNA-143 or other miRNAs might contribute to a resistance against EGFR-targeted agents. The first evidence for this hypothesis comes from two reports showing that a polymorphism in the 3 0 UTR of the KRAS gene represents a binding site for a particular miRNA (let-7) and that a specific genotype of this miRNA-binding site polymorphism predicts for cetuximab responsiveness in KRAS wild-type patients (Graziano et al, 2010; Zhang et al, 2011) . Second, a recently published study has reported that a specific miRNA, miRNA-212, also regulates resistance against cetuximab in head and neck squamous cell carcinoma (Hatakeyama et al, 2010) . Given the previously described role for miRNA-143 in CRC tumourigenesis and its known KRAS-interacting properties, we evaluated its potential relation to prognosis as well as its predictive value in CRC patients treated by EGFR-targeted agents.
PATIENTS AND METHODS

Study population
This retrospective study included data from 77 histologically confirmed CRC patients who underwent treatment between January 2005 and 2011 at the Division of Oncology, Medical University of Graz, Austria. All patients were consecutively selected on the criteria that their tumours were wild-type for KRAS and that they received an EGFR-targeted therapeutic agent. Institutional ethics committees approved this study (No. 23-545 ex 10/11). Patients clinico-pathological data were retrieved from medical records at the same institution. Pathology reports were evaluated for pathological T stage, tumour grade, number of lymph node metastasis (N stage), presence or absence of distant metastasis (M stage), tumour stage (I-IV), levels of the tumour marker carcinoembryonic antigen and the number and characteristics of treatment lines.
First-line and salvage regimens were selected as standard of care regimens and all patients received a combination or monotherapy with the EGFR-targeting monoclonal antibodies cetuximab or panitumumab. The burden of disease was evaluated at baseline and after every four cycles of therapy (8 weeks) during the treatment. Therapeutic response was assessed using the Response Evaluation Criteria in Solid Tumors (RECIST), where disease progression (PD) was defined as the appearance of any new lesion or an increase 420% in the sum of the longest diameter (LD) of target lesions, complete response (CR) was a disappearance of all target lesions, partial response (PR) was a 30% decrease in the sum of the LD of target lesions and stable disease (SD) was defined as small changes that do not meet the above criteria (Trillet-Lenoir et al, 2002) .
To test the influence of miRNA-143 expression on objective responses to EGFR-targeted therapies, patients were selected based on evidence that a treatment outcome could be attributable only to the administration of either panitumumab or cetuximab. This included patients who received either cetuximab or panitumumab as monotherapy and patients who experienced progression on previously used chemotherapy, where cetuximab or panitumumab were administered in combination with the prior chemotherapy at the same dose and schedule previously used. In all patients, refractoriness to prior chemotherapy was defined as documented PD after comparison of computed tomography or magnetic resonance imaging scans after 4 cycles (administered for at least 8 weeks) of receiving chemotherapy. Besides the mentioned inclusion criteria, the availability of a tumour block suitable for quantitative molecular analyses was also a requirement for inclusion in the present study.
KRAS mutational testing
To test the samples for KRAS exon 2 mutations, we extracted the DNA from the tumour samples and determined the sequence in codons 12 and 13 by pyrosequencing. Importantly, we used pyrosequencing because its high sensitivity allows for a more accurate assessment of KRAS mutation burden in CRC than reported for conventional DNA-sequencing (Weidlich et al, 2011) . Briefly, the histological section of each case were reviewed by two pathologists (GH and SL) and one paraffin block each of tumour and corresponding non-neoplastic colon mucosa were retrieved. An area consisting of at least 50% tumour cells from each sample was selected and genomic DNA was extracted as previously described (Pichler et al, 2009 ). The quality and concentration of the extracted DNA was determined using a NanoDrop instrument (Thermo Scientific, Wilmington, DE, USA). Pyrosequencing analysis of the samples was performed according to the manufacturer's recommendations for a PyroMark Q24 KRAS assay (Qiagen, Hilden, Germany) on a PyroMark Q24 instrument with PyroMark Q24 1.0.9 software (Qiagen).
MiRNA-143 expression level
FFPE tumour blocks were reviewed for quality and tumour content, and a single representative tumour block from each patient, containing at least X60% of neoplastic cells, was selected. Corresponding normal adjacent colon mucosa was also used for RNA extraction. The tissue was microdissected, and 2-8 slides of 10-mm thickness were used for RNA extraction. MicroRNAs were isolated using an miRNeasy FFPE Kit 50 (Qiagen) according to the manufacturer's instructions. cDNA was synthesised from 500 ng of total RNA using a miScript Reverse Transcription Kit (Qiagen). Quantification of miRNAs was performed using a miRscript SYBR Green PCR kit (Qiagen) and a specific miScript Primer Assay: Hs_ miR-143_1 miScript Primer Assay (Qiagen) according to the manufacturer's recommendations on a Light Cycler 480 real-time PCR device (Roche, Mannheim, Germany). Expression data of mirRNA-143 have been normalised using the geometric mean expression of three suitable and widely used reference genes (RNU6B , miRNA-16 (Chang et al, 2010) and miRNA-345 (Chang et al, 2010) ; all specific miScript Primer Assays from Qiagen). Differences in the fold expression with regard to the adjacent normal colon mucosa were calculated from the duplicates of CT values following the 2 À DDCt method (Schmittgen and Livak, 2008) .
Statistical analyses
All statistical analyses were performed using SPSS (version 19.0) software (SPSS Inc., Chicago, IL, USA). The continuous miRNA-143 expression variable was analysed as a dichotomous variable according to approximately 'optimal cutpoints', determined as follows (Atzpodien et al, 2003) : The value best discriminating between dead and alive (i.e., which had the most significant P-value on a log-rank test) was found by testing all possible cutoff points near the expression level of 1. The expression value near of 1 is based on the biologically meaningful consideration that the expression level of 1, which means no difference between neoplastic and non-neoplastic tissue, separates the two groups into a high and a low expression group. w 2 test and the MannWhitney U-test were used where appropriate to analyse miRNA-143 expression in relation to each clinico-pathological parameter. Cancer-specific survival (CSS) was defined as the time from date of diagnosis to the date of cancer-related death. Cancer-specific survival was assessed using the Kaplan-Meier method and a logrank test was used to compare the survival curves for individual groups. Univariable and multivariable Cox proportional hazards models, including age, gender, tumour stage (according to the AJCC TNM classification), tumour grade, level of CEA, number of therapies and miRNA-143 expression, were fit to determine the clinico-pathological parameters that were significantly statistically associated with CSS, and the results were reported, including hazard ratios (HRs) and 95% confidence intervals (CIs). The assumption of proportional hazards was checked by LML-plots and residual analyses by Schoenfeld-plots. The objective tumour response rate after 8 weeks of treatment with an EGFR-targeted agent was the end point of our predictive analysis. Qualitative comparisons of objective response to therapy after 8 weeks of treatment and miRNA-143 expression as a predictor were performed by two-tailed Fisher's exact test to check possible significance. A P-value of o0.05 was considered as statistically significant. Progression-free survival (PFS) was calculated from the date of the start of a therapy with an EGFR-targeted agent to the next documentation of PD according to the RECIST criteria.
RESULTS
We confirmed KRAS wild-type status by pyrosequencing in all 77 patients who underwent subsequent survival and response analyses. Clinico-pathological parameters of the study cohort are summarised in Table 1 Table 2 ). Univariable analysis identified high tumour grade, high tumour stage, high levels of the tumour marker CEA and low expression of miRNA-143 as predictors of poor prognosis for CSS (all P-values o0.05, univariate Cox proportional analysis), whereas age, gender, lines of therapy and tumour location were not significantly associated with CSS (Table 3 ).
The median CSS for patients with high expression of miRNA-143 was 42.5 months, whereas the median CSS for patients with low expression of miRNA-143 was 36 months (P ¼ 0.035, MannWhitney U-test). Figure 1 shows the Kaplan-Meier curve for CSS and reveals that low miRNA-143 expression is a factor for poor prognosis in CRC (P ¼ 0.005, log-rank test). To test whether the prognostic value of low miRNA-143 expression was independent of other risk factors for poor survival, a multivariate analysis was performed using a Cox proportional hazards model. In multivariate analyses that included age and all other factors significant in univariate analysis (tumour stage, tumour grade, level of CEA and level of miRNA-143 expression), low miRNA-143 expression was identified as an independent predictor for CSS in wild-type KRAS CRC patients (HR ¼ 1.86, CI ¼ 1.06-3.25, Po0.031, multivariate Cox proportional analysis). Statistically significant results were also obtained for patients with a high tumour grade (P ¼ 0.003) and elevated CEA levels (P ¼ 0.023), whereas age and tumour stage were not significantly associated with CSS (Table 4) . To analyse whether miRNA-143 expression may impact the efficacy of EGFR-targeted therapy and could serve to predict therapeutic response to these drugs, we analysed cases where treatment outcome could be attributable only to the administration of either panitumumab or cetuximab. Applying the criteria detailed in the Patients and Methods section, 52 patients could be analysed accordingly. The other 25 patients who were excluded for an evaluation of the predictive value of miRNA expression received an EGFR-targeted agent in combination with a first-or second-line chemotherapy so that the therapeutic response was not solely attributable to the EGFR-targeted therapy. Overall, 27 patients were treated with a cetuximab-based therapy, and 25 were treated with a panitumumab-based therapy. Sixteen patients received monotherapy either with panitumumab (n ¼ 14) or with cetuximab (n ¼ 2), whereas 36 patients who were refractory to previous chemotherapeutical regimens received the monoclonal antibodies in combination with prior chemotherapy. Overall, there were 25 out of 52 (48%) patients with progressive disease, 17 out of 52 (33%) with SD, 9 out of 52 (17%) with partial remission and one patient out of 52 (2%) with complete remission after receiving four cycles of an EGFR-targeted therapy according to the international established RECIST criteria. Mean PFS time for the 52 patients was 4.2 months (range: 2-18 months). Dividing the patients into groups according to low or high miRNA-143 expression levels resulted in 29 patients with low miRNA-143 expression and 23 patients with high miRNA-143 expression. There were no significant differences found regarding therapeutic response in the 52 evaluable patients with an EGFR-targeting agent (P ¼ 0.288, w 2 test; Table 5 ). Median PFS in the high miRNA-143 expression group was 4 months compared with a median PFS of 2 months for the group with low miRNA-143 expression. Progression-free survival was significantly lower among patients whose tumours showed low expression of miRNA-143 compared with patients with miRNA-143 high expression (P ¼ 0.049, log-rank test; Figure 2 ).
DISCUSSION
Several factors influence the survival of patients with mCRC. Although novel drugs that target the EGFR signalling pathway in CRC have been approved for routine clinical use, data from large clinical trials suggest that only a small percentage of patients truly benefit from these expensive agents (Bardelli and Siena, 2010) . Novel molecular biomarkers that facilitate the prediction of survival in CRC patients could, therefore, provide a tool to assess miRNA-143 as a prognostic factor in CRC M Pichler et al a patient's individual risk of progression and identify patients who are candidates for more aggressive initial therapies. Moreover, biomarkers that can predict the response to novel EGFR-targeted agents would enable a better patient selection as well as an appropriate treatment protocol. In the last several years, the most useful biomarker for selecting patients with mCRC has been KRAS mutations, which serve as a negative predictor for response to EGFR-targeted agents (Amado et al, 2008; Lievre et al, 2008) . Although this genetic alteration leads to the immediate exclusion of 35-40% CRC patients with KRAS mutations, there remains a great demand to discover other predictive biomarkers to further identify additional non-responsive patients in the remaining 60% of KRAS wild-type CRC patients. Notably, other alterations in the EGFR/RAS/RAF signalling pathway have also been linked with resistance to EGFR-targeted agents, but these findings have been not yet translated to clinical practice (Bardelli and Siena, 2010) . To date, several lines of evidence suggest a strong role for miRNAs in the development, diagnosis and prognosis of CRC (Valeri et al, 2009; Dong et al, 2011) . Specifically, miRNA-143 has been described to be down-regulated in CRC (Michael et al, 2003) .
More recently, miRNA-143 has also been found to be involved in targeting KRAS mRNA to influence CRC cell proliferation and survival . However, the prognostic significance or the predictive value to assess response to EGFR-targeted agents in CRC patients has not yet been explored. There are three main findings in this study regarding miRNA-143 and CRC: (a) low levels of miRNA-143 expression are an independent negative prognostic factor for CSS; (b) low levels of miRNA-143 expression are associated with a shorter PFS in patients with KRAS wild-type CRC who are treated with EGFR-targeted agents; and (c) miRNA-143 is not useful as a predictive biomarker in KRAS wild-type CRC patients treated with EGFR-targeting agents. In detail, we found that 460% of the primary tumours included in our study showed down-regulation of miRNA-143 compared with normal adjacent tissue. This finding is not novel but nonetheless confirms previously published reports showing a down-regulation of miRNA-143 in CRC patients (Michael et al, 2003; Slaby et al, 2007; Kulda et al, 2010) . Patients expressing low levels of miRNA-143 had a significantly lower CSS. To our knowledge, only a few other studies have addressed the clinical relevance of miRNA-143 down-regulation in CRC, but none of them evaluated its prognostic significance through multivariate analyses. In an earlier study, Slaby et al (2007) reported that down-regulation of miRNA-143 was associated with a larger tumour size in 29 patients with CRC. In another study of 98 patients, Wang et al (2009) reported a down-regulation of miRNA-143 in 57% of CRC patients. Similar to our study, these authors found no correlation between miRNA-143 expression and any of the examined clinico-pathological variables.
In a smaller study consisting of 46 CRC patients, Kulda et al (2010) showed that overexpression of miRNA-143 was associated with shorter disease-free survival, which is in contrast to the putative tumour suppressive role ascribed to miRNA-143. However, their study included only 44 patients for outcome analysis, showed no data about multivariable analysis and concluded that their findings did not logically correspond with differences in miRNA-143 levels between tumour tissue and normal tissue. Our study shows for the first time using a larger cohort of patients that low miRNA-143 expression in tumour tissue is significantly associated with a decreased CSS in wild-type KRAS patients. The reasons for the negative prognostic role of miRNA-143 expression remain to be more clearly elucidated, but the results of these findings fit well with previously published experimental data that led to the hypothesis that miRNA-143 represents a tumour suppressor in CRC. Along this line of argument, Chen et al (2009) described that inhibition of miRNA-143 stimulated cell proliferation, whereas miRNA-143 overexpression had an opposite effect and that inhibition of KRAS expression by miRNA-143 inhibits constitutive phosphorylation of ERK1/2. Ng et al (2009) demonstrated that restoration of miRNA-143 expression in CRC cell lines decreased tumour cell growth and soft-agar colony formation. They also identified DNA methyltransferase 3A as a potential target of miRNA-143. Importantly, Borralho et al (2009) demonstrated that increased stable expression of miRNA-143 in CRC cell lines was associated with a decreased viability and an increase of cell death after exposure to 5-FU, a drug that every patient in our study received. The data by Chen et al (2009) which suggested a KRAS mRNA-targeting role of miRNA-143, prompted us to investigate whether the expression level of miRNA-143 correlates with response to EGFR-targeted agents. Although we could not find significant differences to predict the response to these agents, a significant association for PFS in patients with low miRNA-143 expression was identified. These data are in line with the findings of reduced CSS in patients with low miRNA-143 expression. The observed shorter PFS might in part be explained by the experimental data of decreased 5-FU sensitivity in those patients with miRNA-143 low expression (Borralho et al, 2009) of human CRC xenografts in mice through an induction of apoptosis and an inhibition of proliferation (Borralho et al, 2011) . Notably, the first pre-clinical studies with chemically modified miRNA-143 showed promising anti-tumour effects in CRC xenografts (Kitade and Akao, 2010) . Recently, Pramanik et al (2011) introduced a lipid-based nanoparticle delivery system for miRNA-143 in a pancreatic cancer xenograft model. Accordingly, these chemically modified miRNA-based drugs and novel delivery systems may represent promising therapeutic potentials for miRNA-143-deficient CRC. The limitations of our study are its retrospective nature and the relative small sample size when analysing the predictive value of miRNA-143.
In conclusion, our present study demonstrates that miRNA-143 is down-regulated in the majority of CRC cases and that low expression of miRNA-143 in tumour tissue is an independent negative prognostic factor for CSS in CRC KRAS wild-type patients. Although associated with shorter PFS in patients treated with EGFR-targeted agents, low miRNA-143 expression seems not to be predictive for the response to these drugs. Further pre-clinical studies are warranted for the validation of miRNA-143 as a novel drug target in CRC.
